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Abstract. Anthropogenic activities have led to the degradation of mangrove ecosystems worldwide. The
impact of herbicides reduces the survival of seedlings. Herbicides reduce the survival of seedlings by
modifying the interstitial water’s hydrological, soil, and physicochemical conditions, thus representing a latent
risk in the environmental services these ecosystems provide. In this research, the behavior of biochemical
parameters (total nitrogen, total protein, flavonoids), chlorophyll a, lipids, and the phytotoxic effect on the
production of total biomass in Rhizophora mangle seedlings exposed to concentrations of 5 w/v dilutions (0%,
5%, 10%, 25%, 50% and 100%) of 2,4-Dichlorophenoxyacetic acid (2,4-D) in propagules grown in
greenhouses was evaluated. Three phases were monitored: (1) stabilization of the water recirculation system,
homogenization of interstitial water and adjustment of the artificial tide; (2) afforestation and conditioning;
(3) application of 2,4-D acid, and monitoring of the concentration of biochemical parameters, chlorophyll a,
lipids, total biomass and physicochemical parameters of interstitial water. The results showed that increasing
the concentrations of 2,4-D generates a decrease in the concentrations of the biochemical variables,
chlorophyll a, total biomass, and an increase in the concentration of fat in the seedlings, where variations were
observed showing significant differences (p <0.05). An inverse relationship was presented between the
biochemical variables in chlorophyll a, total biomass production, and fat concentration. The research showed
that Rhizophora mangle seedlings are very vulnerable to different concentrations of 2,4-D and to the
developmental conditions to which they were exposed in this research.
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Introduction

Mangroves are productive ecosystems, they play a fundamental role in the protection
of the coastline, and the prevention of floods, hurricane, and tsunami barriers; they are
also part of the feeding, shelter, and growth of wildlife species (Troche-Souza et al.,
2017), it 1s an ecosystem that prevents soil erosion through its aerial roots, it works as a
filter that allows removing nutrients, toxins, accumulating carbon dioxide.

Mangroves are productive ecosystems, they play a fundamental role in the protection
of the coastline, and the prevention of floods, hurricane, and tsunami barriers. They also
provide feeding, shelter, and habitat for wildlife species (Troche-Souza et al., 2017). It is
an ecosystem that prevents soil erosion through its aerial roots, it works as a filter that
allows removing nutrients, toxins, and also sequestring carbon dioxide. The biodiversity
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of mangroves allows activities such as fish reproduction, mollusks, wood production, and
fuels, among others. In Mexico, mangrove forests are located on the slopes of the Pacific,
the Gulf of Mexico, and the Gulf of California (Velazquez-Salazar et al., 2021). Four
types of species are known in Mexico: Rhizophora mangle L, Avicennia germinans L,
Laguncularia racemosa (L.) C.F. Gaertn and Conocarpus erectus L.

The state of Campeche concentrates the largest extension of mangroves in the country
(25.2%) (Troche-Souza et al., 2017). Mangroves have been transformed and are seriously
threatened by urbanization and human activities, which receive various chemical, physical,
and microbiological pollutants that alter their ecosystem, leading to low coastal protection
against flooding. In the last 50 years, approximately one-third of the world’s mangrove
forests have been lost due to anthropogenic activities such as tourism, poorly developed or
unsustainable aquaculture, immoderate industrial and urban development, development of
tourist areas, high concentrations of nutrients, road construction, sewage discharges, etc. as
well as unsustainable livestock and agricultural practices (Alongi, 2002; Zheng et al., 2000).
The concentration of herbicides that are discharged in soils near mangrove forests is
determined by factors such as the dose applied in the agricultural area, dilution in the soil
due to the effect of rain and tide (Teas, 1976). Chemicals such as heavy metals, oil spills,
and herbicides in tropical and subtropical habitats can reduce seedling survival (Peters et al.,
1997; Giri et al., 2011; Lee, 1999). There is concern about the use of agrochemicals, and
pesticides, their harmful effects, and the deterioration of the environment. However, the
demand for pesticides has increased; and their extensive use is the main source of soil, water,
and plant pollution. 2,4-D is one of the selective herbicides used at low concentrations to
control broadleaf weeds. At high concentrations, it modifies normal growth and causes lethal
damage to the plant (Pazmifio et al., 2011). However, even if applied to leaves, it can be
absorbed through the roots and stems (Beyond Pesticides, 2025; Medina Méndez et al.,
2018). It is the most widely used worldwide in Latin America and the United States in
domestic environments, gardening, and as a herbicide in agricultural practices (Freisthler et
al., 2022). According to the WHO (2009) various amounts of 2,4-Dichlorophenoxyacetic
acid products applied to a given area can be distributed in the environment in a few hours or
days by the movements of air, water or soil, particularly during periods of rain, strong winds
or high temperatures. 2,4-D acid and its derivatives are broken down fairly quickly by
hydrolysis, photolysis, and biological action. Arellano Aguilar and Rendén Von Osten
(2016), analyzed the concentration of pesticides in the coastal zone, mentioning that this
concentration may be due to the possible impact that pesticides transported by runoff with
discharge to the sea could have. 2,4-D is toxic to aquatic plants and is more toxic to vascular
plants than to nonvascular plants (Beyond Pesticides, 2025). On the other hand, Chan Keb
et al. (2021) and previously Ivens (1957) reports the presence of 2,4-D in mangroves, the
first signs observed were wilted leaves, and the defoliation of mangrove seedlings. Likewise,
mangrove species (Avicennia marina, Aegiceras corniculatum L) are more tolerant to
exposure to metals and herbicides, these species excrete salts in their stems and leaves, while
species such as Rhizophora stylosa, Ceriops australis are considered mangrove plants that
exclude sea salts from their tissues, are less tolerant to the aforementioned pollutants (Peng,
1997; MacFarlane, 2002; Bell and Duke, 2005). Despite the above, there is little research
that evaluates the impact of pesticides on biomass production and the biochemical effects
on mangrove species. Consequently, our objective was to determine the response
(phytotoxic effect) to the exposure of 2,4-dichlorophenoxyacetic acid to different
concentrations in the production of total biomass, chlorophyll g, total nitrogen, total protein,
flavonoids, and lipids in Rhizophora mangle seedlings, under experimental conditions.
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Materials and methods
Description of the Rhizophora mangle hypocotyl collection area

The collection of biological material was carried out in the “Los Petenes” Biosphere
Reserve (RBLP), located in the northwest of the Yucatan Peninsula, in the Gulf of
Mexico, and the coastal area north of the State of Campeche (Rivera Arriaga et al., 2021),
with an area of 282,857 ha (CONANP, 2006) (Fig. I).
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Figure 1. Geographic location of the Rhizophora mangle hypocotyl collection forest in the Los
Petenes Biosphere Reserve (RBLP), Campeche, Mexico, and experiment development sites
(EPOMEX Institute). (Source: Chan-Keb et al., 2021)

This area has a warm and sub-humid climate, with an average monthly temperature of
26°C and an average annual rainfall of 819 mm (Armitage et al., 2017). With Karst and
hill-type soils, called Solonchak and to a lesser extent Gleysoles and Histosols, a karso-
tectonic earth system (World Reference Base for Soil Resources (WRB) or the USDA
Soil Taxonomy), the main morphological expression of plains, geomorphological
landscapes, coastal marsh with large petenes, coastal marsh with white marshes and a
degree of recent karst evolution (Bautista et al., 2005).

At the national and international level, the RBLP is considered of great relevance as it
1s part of an ecoregion that involves the Ria Celestin Biosphere Reserve and the El Palmar
state protected natural area, in the state of Yucatan, as it is located in the Priority Regions
of Mexico in all the categories of “Terrestrial Priority Regions No. 145, Priority Marine
Regions No. 60, Priority Hydrological Regions No. 102, Areas of Importance for the
Conservation of Birds-AICAS (AICAS SE-28) and for being declared in 2004, as
RAMSAR site No. 1354 ha (CONANP, 2006). In the RBLP he registers four species of
mangroves; Avicennia germinans L., Laguncularia racemosa (L.) C.F. Gaertn,
Conocarpus erectus L. and Rhizophora mangle L. (Vazquez-Lule et al., 2019).
Rhizophora mangle develops in habitats with constant freshwater input, tidal influence,
and frequency, preferably in coastal environments with low wave energy (Naidoo, 2016).
It is dominant along the coastline, forming monospecific forests; while, inland, it is
common to be associated with other species (Chan-Keb et al., 2018). It is viviparous and
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produces propagules that germinate in the mother tree and its dispersal is through the tide,
birds, and crustaceans. The propagule formation time is between 4 to 7 months (Gill and
Tomlinson, 1997).

Despite the above, the northern area of the RBLP exhibits deterioration derived from
human settlements in the urban area in the city of Campeche, due to urban and agricultural
wastewater inputs (Velazquez-Salazar et al., 2021; Cissell et al., 2018). Likewise, more
than 6000 ha of mangrove deaths are recorded in the central part of the Reserve, adjacent
to the island of Jaina caused by the construction and expansion of communication routes,
fires, and illegal logging (Velazquez-Salazar et al., 2021).

Construction and environmental stabilization of the system

In a greenhouse of 51.7 m? and 2 m high, the system was built with twelve Rotoplas®
tanks (Grupo Rotoplas SAB de CV, Mexico City. Mexico) with a capacity of 450 L made
of linear low-density polyethylene material. Hydraulic systems were installed for each
tank to facilitate the simulation of the local tidal regime, high tide was simulated by
gravity, and low tide using pumping (Fig. 2). The installation of the system was carried
out taking care of air circulation and temperature fixation following the indications of
Chan-Keb et al. (2021). The filters of each tank were constructed with 0.16 m> of
mangrove peat, 0.13 m* of sand, and 0.13 m? of gravel. Mangrove peat was composed of
55% silt, 42% sand, and 3% clay, and was classified with a silty loam texture.
Adjustments to the system such as topography, flood frequency, interstitial water salinity,
and redox potential to simulate the plant collection site were made following historical
records in Agraz-Hernandez et al. (2018).
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Figure 2. Diagram of the treatment system for exposure of 2,4-D with subsurface recirculation.
(Source: Chan-Keb et al., 2021)

During 50 days, the physicochemical parameters of the water were monitored and
afforestation was carried out, ensuring that the conditions were similar to the natural
environment (Fig. 3).

Reforestation and conditioning stages

Bioassays and sample analysis were performed at the EPOMEX Institute of the
Autonomous University of Campeche, Mexico. The collection of hypocotyls from
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Rhizophora mangle was carried out in September 2018, and the collection and analysis
of the samples was carried out in April 2019 during the development of the Phase 3
experiment (Fig. 3).
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Figure 3. Experiment timeline events. (Source: Chan-Keb et al., 2021)

Mangrove hypocotyls were collected from a monospecific forest located in the RBLP
(19°5726.108” N, 90°26'59.40” W (Fig. 1) in the state of Campeche, in the Gulf of
Mexico. Hypocotyls were selected and those that showed signs of plague, drying, or
physical damage were excluded. The hypocotyls were seeded at a density of 65 per tank.
The development of the root system and the first shoot leaf were observed over a period
of 120 days. During this stage, physicochemical data were collected and tested using a
one-way analysis of variance (one-way ANOVA) considering the data from the
individual tanks and compared with each other, and no significant differences were found
(p > 0.05). Internodal growth was recorded in all tanks and no plant mortality was
detected at this stage. Later we established that the conditions were homogeneous,
favoring nutrient absorption by the R. mangle seedlings and that they were ready for
exposure to 2,4-D.

Application of 2,4-dichlorophenoxyacetic (2,4-D)

A commercial presentation of 2,4-D called “Full-Mina” (Dow AgroSciences de
Colombia SA, Bogota. Colombia) and considering the common practice of farmers to
spread the pesticide, aliquots were diluted in tanks 0f 450 L of the contents of the pesticide
bottle (480 g/l concentration of active ingredient); was assume a concentration of a
dilution of 100% (10.8 g/L). The active ingredient of 2,4-D used in this experiment is the
2,4-D dimethylamine salt (DMA), CAS number: 2008-39-1, the agrochemical has an
estimated half-life in an anaerobic aquatic laboratory between 41 and 333 days.

Five treatments and one negative control were performed in duplicate for a total of 12
experimental units (UE). Then, 5 different dilutions of 2,4-D were performed with
seawater at weight/volume concentrations of 5%, 10%, 25%, 50%, and 100% (0.54, 1.08,
2.7,5.4,and 10.8 g/L, respectively).
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Effects on the growth of Rhizophora mangle seedlings

The response of biomass production in seedlings was recorded at 12 days after
exposure to 2,4-D. Three plants were extracted from each tank with their respective
replicas to measure the total production of biomass. The stem, leaves, and roots of these
plants were washed to remove the possible substrate adhered to the root, dried with brown
paper, and dehydrated at 65°C in a convection oven for three days, once dehydrated, each
of the components of the plant tissue were weighed (Agraz Hernandez et al., 2011).

Chlorophyll a concentration

The determination of chlorophyll @ was carried out using the technique proposed by
Hansmann (Hansmann and America, 1973). The determination of chlorophyll
concentration was carried out by collecting fresh leaves from three seedlings in each EU.
First, 2 g of the fresh leaf was weighed and deposited in 15 mL test tubes, then crushed
and 10 mL of 90% acetone (v/v) was added, stirred, and left to stand in darkness at 4°C
for 24 h, then brought to room temperature and centrifuged at 2700 rpm for 5 min.
Subsequently, the absorbances of the supernatant of each sample were measured using a
6500 spectrophotometer (JENWAY Stafford. United Kingdom) at wavelengths of
665 nm, 645 nm, and 630 nm. Ninety percent acetone was used as the target of the
reagent. The concentration of chlorophyll a was determined based on the equation
provided by Strickland and Parsons (1965). Results for chlorophyll concentration in mg/L
were estimated per gram of tissue by fresh weight.

Chlorophyll a (mg/L) = 11.6 x (Abs. 665) — 1.31 X (Abs. 645) — 0.14 x (Abs. 630)
where Abs = is the absorbance of the respective wavelengths.

Flavonoid quantification

The quantification of flavonoids was quantified by the colorimetric method of
aluminum chloride, the methodology of Pacheco et al. (2013) was followed. 1 g of dried
leaf was taken and extracted with the soxhlet method with 100 mL ethanol for 1 h, and
the extract was filtered and brought to a volume of 100 mL. Of the 100 mL of extract,
I mL was taken and 5 mL of distilled water, 0.3 mL of NaNO, (1:20) were added; after
5 min 0.3 ml of AICI3 was added (1:10), and after 6 min 2 ml of NaOH was added and a
volume of 10 mL was added with distilled water.

For quantification, a calibration curve of Quercetin (Sigma Aldrich) was developed
at concentrations from 0 to 250 ppm. For the standard solution, 0.08 g of Quercetin was
taken diluting in 100 mL of 96% ethanol, taking 1 mL and measuring 100 mL with 96%
ethanol. Absorbances were measured using a 6500 spectrophotometer (JENWAY
Stafford. United Kingdom) at wavelengths of 250 nm and 415 nm. The total flavonoid
content was expressed as equivalent milligrams of quercetin per milliliter of extract (mg
EQ/mL E). They were later converted to mg/g. The analyses were performed in
triplicate.

Determination of total nitrogen and total protein

For the determination of total nitrogen and total protein, NMX-F-608-NORMEX-
2011 (DOF, 2025) was taken into account using the Kjeldahl method. Approximately
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0.5 g of sample was weighed 2 Kjeltabs Cu/3.5 tablets were placed and 12 mL of
concentrated sulfuric acid was added for digestion; it is then distilled with the addition
of 80 mL of water, 30 mL of 40% sodium hydroxide and 50 mL of 4% boric acid
receptor solution. Titration was performed with 0.01 N hydrochloric acid and Shiro
Tashiro indicator until a color change. To obtain the results, the following equations
were taken into account:

% Nitrogen = (Va— Vb) x N x 0.014 x 100/ P (Eq.1)

% Protein: (% Nitrogen) (F) (Eq.2)

where: Va = the volume spent on the degree; N = the normality of HCI hydrochloric acid;
0.014 = mEq of nitrogen; P = the weight of the sample; F = Conversion Factor.

Determination of ether extract

The determination was made using NMX-F-615-NORMEX-2018 (DOF, 2025). To
determine the total fat content present, 2 grams of sample were taken and subjected to
extraction with 120 mL of hexane, performing the total extraction of the fat-free matter
in a reflux of 4 h. To obtain the results, Equation 3 was taken into account:

% lipids =(c—d)—a/b x 100 (Eq.3)

where: a = the constant weight of the flask; ¢ = the weight of the flask with extract; b = the
weight of the sample; d = the mass of the flask or solvent.

Determination of total biomass

At the end of the experiment, three plants were extracted from each tank to
measure the total production of biomass. These plants’ stems, leaves, and roots were
dehydrated in a convection oven for three days at 60°C (Agraz Hernandez et al.,
2011).

Statistical analysis

To evaluate the effect of the herbicide 2,4-D dichlorophenoxyacetic acid on
Rhizophora mangle seedlings, one-way analysis of variance (ANOVA) was applied
to biochemical variables and biomass production. Subsequently, a post hoc test was
applied using Fisher’s minimum significant differentiation (LSD) method, with a
significance level of a = 0.05. Before this comparison analysis, the normality of the
variables was validated with the method of Shapiro and Wilk (1965) with a
significance level of o =0.05. As they did not meet the normal distribution
assumption, the data were transformed using the Box-Cox method so that the
variables present the assumptions of a normal distribution. Finally, a Pearson
correlation analysis, principal component analysis, and simple linear regression were
applied to determine the relationship between biochemical variables and biomass
production. All statistical analyses were performed with a significance level of
a = 0.05, using Minitab 19 software (Minitab, Release 19.2020.1, LLC, in the United
States). Sigma Plot 11.0 (SigmaPlot®, Release 11, San Jose, CA, USA) was used to
create the graphs.
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Results
Physicochemical parameters before and during the application of the herbicide

During the seedling conditioning and afforestation phase (120 days), there was no
significant variation in the physicochemical parameters of the interstitial water (p > 0.05).
(Fig. 3). The interstitial water maintained a slightly alkaline (7.4+0.2) and oxic
(142 = 16 mV) condition; temperatures ranged from (23 & 2°C). The survival of seedlings
during this phase was 100%. The physicochemical conditions of the interstitial water in the
control units and those treated with the agrochemical 2,4-D showed a neutral pH with a slight
tendency to alkalinity (7.2 £ 0.1 to 7.6 = 0.3) and temperatures in a range of 29.0 £ 0.5 to
30+ 1°C. The redox potential of the interstitial water was heterogeneous and oxic (156 + 25
to -147 + 142 mV) with significant differences between treatments (7able 1, p < 0.05).

Table 1. One-way ANOVA of the physicochemical parameters of interstitial water in ponds
during treatment with 2,4-D acid in Rhizophora mangle seedlings (p < 0.05)

Parameters gl (Factor, error) Statistic F P value
Temperature (°C) (5, 18) 0.22 0.94
Redox Potential (mV) (5, 18) 4.99 0.005
Salinity (UPS) (5,18) 0.77 0.58
pH (5, 18) 1.78 0.17

Responses in biochemical variables

In general, exposure to different concentrations of 2,4-D caused an average decrease
in biochemical variables in Rhizophora mangle seedlings where they were significantly
lower in the concentration of total nitrogen (0.41 £0.01%), protein (2.6 £ 0.06%),
flavonoids (0.75 £0.56 mg/g), compared to the control group with an average of
0.48 £0.01%, 2.9 £0.035% and 2.51 + 1.5 mg/g respectively (Fig. 44, C, D). However,
the fat concentration presented a higher average concentration of 31.7 + 5.8% among the
exposed treatments compared to the control group of 8.58 + 3.8% (Fig. 4B). The effect
on the decrease in concentration in biochemical variables (total nitrogen, total protein,
flavonoids) was noticeable from the exposure of 5 to 100% of the acid 2,4 D concerning
the control (Fig. 44, C, D), however, the increase in the concentration of fat was from the
exposure of 5% to 100% of the 2,4-D, concerning control (Fig. 4B).

When performing a one-way ANOVA, significant differences were observed between
the exposure treatments with 2,4-D acid on the flavonoid and

However, no significant differences were observed in the concentration of total
nitrogen and total protein (7able 2).

Behavior of chlorophyll a concentration

In general, the average concentration of photosynthetic pigment (chlorophyll a) of
plants treated with 2,4-D acid over the 12-day exposure time was significantly lower
(60 £ 18.5 pg g™') compared to the control group (120 + 10.1 pg g™!) (Fig. 4E). The effect
on chlorophyll a concentration was observed from exposure of 5% to 100% of 2,4 D acid
(Fig. 4E). When performing a one-way ANOVA, significant differences were observed
between 2,4-D acid exposure treatments in the concentration of chlorophyll a of
Rhizophora mangle seedlings (Table 2).
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Figure 4. Biochemical variables and total biomass production (mean + standard deviation): (A)
flavonoids; (B) fat; (C) total protein, (D) total nitrogen; (E) chlorophyll a; (F) total biomass of
Rhizophora mangle seedlings among the treatments exposed. Treatments that do not share a

letter are significantly different (p < 0.05)

Table 2. Analysis of one-way variance concerning biochemical variables and total biomass
of Rhizophora mangle seedlings exposed to different concentrations of 2,4-D acid (control,
5%, 10%, 25%, 50%, and 100%) with a significance level of p < 0.05

Parameters gl (Factor, error) Statistic F P value
Fat (%) (5,18) 5.36 0.003
Protein (%) (5, 18) 0.99 0.453
Nitrogen (%) (5,18) 1.49 0.243
Flavonoids (mg/g) (5, 18) 7.40 0.001
Chlorophyll a (pg/g) (5,18) 190.33 0.0001
Total biomass/plant (g) (5,18) 6.17 0.0001

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(5):9817-9834.
http://www.aloki.hu @ ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)
DOIL: http://dx.doi.org/10.15666/acer/2305_98179834
© 2025, ALOKI Kft., Budapest, Hungary



Chan-Keb et al.: Biochemical response and biomass production of Rhizophora mangle L. to exposure to 2,4-dichlorophenoxyacetic
acid, under experimental conditions
- 9826 -

Simple linear regression analysis established an inverse relationship between 2,4-D
concentrations and chlorophyll a concentration (Y =58.72 - 0.3883 X, R?=0.96,
p <0.003).

Biomass production

Seedlings exposed to 2,4-D acid treatments showed a decrease in biomass production
with a 35% decrease in total biomass production compared to the control (Fig. 4F). The
effect on biomass production of Rhizophora mangle seedlings was observed from
exposure of 5% to 100% of 2,4 D acid compared to the control (Fig. 4F). Simple linear
regression analysis established an inverse relationship between 2,4-D concentrations and
total biomass production of R. mangle seedlings (Y =4.17- 0.0107 X, R?=10.93,
p <0.008). A one-way ANOVA analysis detected significant differences in biomass
production of seedlings with treatment and control (Table 2; Fig. 4F).

Discussion

Description of the relationship of the behavior of biochemical parameters in R. mangle
seedlings exposed to 2,4-D acid

The results of the principal component analysis (PCA) considering the biochemical
parameters and the total biomass, exhibited 2 components that explain 96.6% of the total
variance of the biochemical parameters in the R. mangle seedlings exposed to 2,4-D acid.
Thus, in the first component (91.9%), he describes total biomass as the most important
variable, showing a direct relationship between the concentration of total nitrogen, total
protein, flavonoids, and chlorophyll @ and an inverse relationship between fat
concentration. The second component (4.7%) defines fat concentration as the important
variable (Fig. 5). Likewise, this behavior was validated through a Pearson correlation
between the biochemical variables and the total biomass of the R. mangle seedlings
exposed to 2,4-D acid at different concentrations (7able 3).

Table 3. Pearson correlation of biochemical variables and total biomass of R. mangle
seedlings exposed to 2,4-D acid at different concentrations

Correlation variables r P value
Protein (%) - Fat (%) -0.844 0.035
Nitrogen (%)- Fat (%) -0.862 0.027
Flavonoids (mg/g) - Fat (%) -0.831 0.040
Chlorophyll a (ug/g) - Fat (%) -0.783 0.066
Total biomass (g) - Fat (%) -0.832 0.040
Nitrogen (%) - Protein (%) 0.997 0.000
Flavonoids (mg/g) - Protein (%) 0.896 0.016
Chlorophyll a (ug/g) - Protein (%) 0.898 0.015
Total biomass (g) - Protein (%) 0.921 0.009
Flavonoids (mg/g) - Nitrogen (%) 0.894 0.016
Chlorophyll a (ng/g) - Nitrogen (%) 0.892 0.017
Total biomass (g) - Nitrogen (%) 0.931 0.007
Chlorophyll a (ug/g) - Flavonoids (mg/g) 0.992 0.000
Total biomass (g) - Flavonoids (mg/g) 0.979 0.001
Total biomass (g) - Chlorophyll a (ng/g) 0.973 0.001
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Figure 5. Biplot of the principal component analysis (PCA) of axes 1 and 2, showing the blue
dots, the exposure concentrations of the R. mangle seedlings and the red vectors representing
the biochemical parameters

The controlled conditions performed for this bioassay, as well as the emulation of the
local tidal regime, favored the obtaining of better results. The physicochemical
parameters of the interstitial water (pH, salinity, and temperature) during the experimental
development did not show significant differences (P > 0.05) between the different
treatments concerning the control, but not for the redox potential where significant
differences were observed (p <0.05), however, the values of variation of the redox
potential of the experiment showed an oxic-type trend. Likewise, the values of variation
of the redox potential between treatments may be due to the discharges of the 2,4-D
solution at different concentrations during the process of recirculation and tidal
emulation, as well as the physicochemical reaction of the mangrove sediment in the
ponds. In this regard, Mitsch et al. (2000) and Gleason et al. (2003) mention that
oxidation-reduction conditions are related to hydrology (water residence time, frequency
of flooding due to tidal effects, and urban and/or industrial wastewater inputs) as well as
the contributions of organic matter in mangrove forests where changes in redox potential
are established. On the other hand, Agraz Hernandez et al. (2018) experimented with the
removal of nutrients from urban wastewater under controlled conditions similar to this
study, these authors mention that the exposed conditions of controlled simulation favored
the results of the bioassay due to the tidal emulation of the local regime and the ideal
survival conditions of the Rhizophora mangle species.

In general terms, the biochemical variables (total nitrogen, total protein, flavonoids) of
the Rhizophora mangle seedlings showed a decrease concerning the control, due to the
effect of bioavailable 2,4-D in the interstitial water at different concentrations than that
absorbed by the roots. In this regard, Parida et al. (2010) mention that 2,4-D can interfere
with nitrogen metabolism in mangrove seedlings, altering the absorption and assimilation
of nitrates, which affects the synthesis of amino acids and other essential nitrogenous
molecules. Soligo et al. (2023) conducted a study on the effect of 2,4-D on nitrogen
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metabolism in wheat seedlings, showing as results that 2,4-D reduced nitrogen
concentration in plants, which affected protein and amino acid synthesis, also found that
this herbicide altered the activity of enzymes related to nitrogen metabolism. Similarly,
Freiberg and Clark (1952) examined the effect of 2,4-D on nitrogen distribution in soybean
plants, their results indicated that 2,4-D altered the distribution of nitrogen in plants,
reducing the concentration of nitrogen in leaves and increasing it in roots. Likewise, Jayaraj
et al. (2017) describes that 2,4-D can induce changes in protein synthesis and degradation
in mangrove seedlings, affecting both the total amount of proteins and the expression of
specific proteins involved in the stress response. On the other hand, Janeczko and
Skoczowsk (2005) mention that seedlings exposed to 2,4-D can affect the synthesis of
phenolic compounds and flavonoids, which are important in defense against stress and in
cell signaling. On the other hand, the effect of 2,4-D on flavonoid composition and
antioxidant activity in wheat seedlings has been determined. The results showed that 2,4-D
altered the composition of flavonoids by increasing the concentration of some flavonoids
and decreasing others, as well as affecting antioxidant activity (Liu et al., 2015).

Regarding the fat (lipid) variable, in general, higher production was observed in the
treatments exposed to 2,4-D compared to the control where it was lower, this may be due
to a stress mechanism in response to the higher production of lipids as a way of protecting
the seedlings exposed to the treatments. As mentioned by Parida et al. (2010) who
observed changes at the level of membrane lipid composition in S. cerevisiae cells
adapted to 2,4-D, including an increase in the degree of membrane fatty acid saturation
in a dose-dependent manner. On the other hand, Viegas et al. (2025) mentions that
exposure to 2,4-D can alter the lipid composition in mangrove seedlings, affecting the
integrity of cell membranes and the function of organelles. Lipids are crucial for the
structure and function of plant cells, and any alteration can lead to cellular dysfunctions.
Likewise, in conditions of herbicide-contaminated environments, mangrove seedlings
can alter their metabolic pathway in the form of adaptability to the environment, as
Moreira et al. (2020) say, where they observed that the free fatty acids of algae increased,
especially when exposed to higher concentrations of fipronil and 2,4-D.

The effects on the decrease in chlorophyll a production in the leaves of seedlings
treated in the two exposure times with 2,4-D are related to changes in physiological
processes such as photosynthesis and stress due to the absorption of the herbicide
affecting the pigmentation system of the seedlings. inhibition of photosynthetic efficiency
and stages of seedling development (Filella et al., 1994; Haboudane et al., 2002; Wu et
al., 2008). Similar findings have been reported by other authors such as Hallam (1970)
and White and Hemphill (1972) where they describe the phytotoxic effect of 2,4-D on the
leaves of tobacco seedlings and the decrease in the concentration of chlorophyll a is due
to cell degeneration and degradation of the chlorophyll molecule. Filella et al. (1994) and
Flores-de-Santiago et al. (2013), describe in a general way that mangroves are prone to
natural or anthropogenic disturbances (stressed mangroves) where they experience
decreases in the concentration of leaf chlorophyll and the production of leaf litter. On the
other hand, an inverse relationship (R?=0.96, p < 0.003) was determined between the
concentrations of 2,4-D and the concentration of chlorophyll a in the leaves of
Rhizophora mangle seedlings, similar results have been reported by Duke et al. (2005)
where a high negative correlation (R?=0.99, p < 0.005) was also determined between the
concentration of the herbicide (diuron) in the sediment and concentration of chlorophyll
A in the leaves of Avicenia marina trees, demonstrating the negative effect of herbicides
on mangrove health in the Mackay region located in northeastern Australia which showed
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chlorosis and necrosis along the midveins of the leaves and only A. corniculatum,
presented chlorosis and wilting of the leaves. The exposure time is a determining factor
in the decrease in the amount of chlorophyll, when the seedling is exposed to the herbicide
2,4-D it causes prolonged stress (Badillo-Morales, 2023). Moreira, 2020 observed
physiological (chlorophyll @) and morphological (cell size) changes in R. subcapitata
cells when exposed to 2,4-D concentrations. The herbicide in the treatments at tested 2,4-
D concentrations caused an increase in the cell size of the algae, compared to the control.
Similar findings by Wong (2000) showed that the presence of 200 mg/L of 2,4-D
completely inhibited algae growth, photosynthesis, and chlorophyll a synthesis.

Concerning total biomass production, we believe that the decrease in biomass
production observed in R. mangle seedlings in treatments exposed to 2,4-D is due to the
absorption and assimilation of the bioavailable 2,4-D herbicide in the interstitial water of
the treated ponds. In this regard, Mendes et al. (2022) mentions that absorption through
roots is the main route for herbicide transfer, where the influx of salts in mangroves is
also regulated, i.e., the morphology, anatomy, and biomass production of roots is also
associated with the absorption effect of herbicides, as presented in this study. The
commercial 2,4-D herbicide is applied in high concentrations, and 2,4-D is absorbed
through the roots, stems, and leaves where it is translocated to the meristems of the plant
(Palma-Bautista et al., 2020; Song, 2013). The roots thicken and atrophy, the phloem and
xylem on the stem disintegrate or become blocked and leaf growth ceases. Uncontrolled
and unsustainable growth occurs, leading to stem curling, leaf wilting, decreased root
size, and eventually plant death (Song, 2014). Bell et al. (2005) also mention that the
cumulative effect of herbicide exposure on the roots and leaves of A. corniculatum
seedlings is due to physiological stress, making it more sensitive. On the other hand, an
inverse relationship was determined between the concentration of 2,4-D and the
production of total biomass in Rhizophora mangle seedlings (R? = 0.93, p < 0.008), this
may be due to the decrease in photosynthetic efficiency and the lower production of
chlorophyll a, therefore affecting the production of the total biomass observed in this
study. Moorthy and Kathiresan (1998) mention that the photosynthetic rate in mangroves
depends on the concentration of photosynthetic pigments such as chlorophyll, and
Kathiresan et al. (2018) determined a positive correlation between the carbon
sequestration rate and the concentration of chlorophyll a, b and total in mangrove trees.
Ashton and Crafts (1973) mention that one of the effects of herbicides on mangroves is
direct interference with cell development division and differentiation. Likewise, Culic
(1984) determined that contamination with 2,4-D in the communities of Rhizophora
stylosa significantly inhibited the development of seedlings due to cell degeneration and
described that the persistence of herbicide residues in the soil could inhibit the
establishment and colonization of new mangrove seedlings.

The results of this bioassay were associated with simulated hydrology conditions,
however, in the natural condition (environment), the factors that can influence the dispersion
of 2,4-D are: the dilution rate of 2,4-D, the tidal frequency and the type of soil in mangrove
forests. Moreover, this research demonstrated the adverse effects of 2,4-D exposure on R.
mangle seedlings. For this reason, the regulation of this herbicide is considered fundamental
and a priority for its rational use and even the prohibition of its use, recommending
substitution of bioherbicides. Because the latter is more friendly to the environment, and the
health of the population. Likewise, the acceptance and application of bioherbicides on a
small, medium, and large scale would define an effective strategy for the conservation and
recovery of the health of ecosystems and the ecosystem services they provide us.
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Conclusion

This study describes the response of the biochemical variables of R. mangle seedlings
exposed to 2,4-D where it is related to adverse effects on the concentration of total
nitrogen, total protein, and flavonoids, but it was not so with the concentration of fat
where a higher concentration was observed compared to the control. Likewise, any of the
concentrations of 2,4-D used in this experiment generated inhibitory effects on the
production of chlorophyll and the total biomass of the seedlings that were exposed.
Principal component analysis and Pearson’s correlation showed an inverse relationship
between biochemical variables (total nitrogen, total protein, flavonoids, and chlorophyll),
total biomass production, and fat concentration. The oxic and physicochemical conditions
presented during the development of the bioassay are generally those established in
normal tidal regimes, which favored the obtaining of better results for this study in
contrast to the reported experiments in which tides were not emulated. Based on the
results obtained in this study, we could describe that pollution by wastewater discharges
containing herbicides and poor unsustainable agricultural practices are worrying
situations, since 2,4-D could affect the degree of health and permanence of mangroves,
since at concentrations of 5% under experimental conditions they can alter the
morphophysiological functions of the mangrove and therefore affect the environmental
services it provides. We consider that other studies can be carried out on the phytotoxic
effect of other commonly used herbicides using the same species, even other species and
the number of individuals per afforestation impact areas, as well as the concentration of
the herbicide to be applied.
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